Fuschna Spring in the Swiss Alps (Engadin region) is a bicarbonate iron(II)-rich, pH-neutral mineral water spring that is dominated visually by dark green microbial mats at the side of the flow channel and orange iron(III) (oxyhydr)oxides in the flow channel. Gradients of O 2 , dissolved iron(II), and bicarbonate establish in the water. Our goals were to identify the dominating biogeochemical processes and to determine to which extent changing geochemical conditions along the flow path and seasonal changes influence mineral identity, crystallinity, and microbial diversity. Geochemical analysis showed microoxic water at the spring outlet which became fully oxygenated within 2.3 m downstream. X-ray diffraction and Mössbauer spectroscopy revealed calcite (CaCO 3 ) and ferrihydrite [Fe(OH) 3 ] to be the dominant minerals which increased in crystallinity with increasing distance from the spring outlet. Denaturing gradient gel electrophoresis banding pattern cluster analysis revealed that the microbial community composition shifted mainly with seasons and to a lesser extent along the flow path. 16S rRNA gene sequence analysis showed that microbial communities differ between the flow channel and the flanking microbial mat. Microbial community analysis in combination with most-probable-number analyses and quantitative PCR (qPCR) showed that the mat was dominated by cyanobacteria and the channel was dominated by microaerophilic Fe(II) oxidizers (1.97 ؋ 10 7 ؎ 4.36 ؋ 10 6 16S rRNA gene copies g ؊1 using Gallionella-specific qPCR primers), while high numbers of Fe(III) reducers (10 9 cells/g) were identified in both the mat and the flow channel. Phototrophic and nitrate-reducing Fe(II) oxidizers were present as well, although in lower numbers (10 3 to 10 4 cells/g). In summary, our data suggest that mainly seasonal changes caused microbial community shifts, while geochemical gradients along the flow path influenced mineral crystallinity.
Several physiological groups of microorganisms can gain energy by Fe(II) oxidation at neutral pH, including not only microaerophilic Fe(II) oxidizers (16) but also phototrophic (70) and nitrate-reducing Fe(II)-oxidizing (57) microorganisms. Photoferrotrophs are restricted to the photic zone (70) . Nitrate-reducing Fe(II) oxidizers can live under anoxic conditions, for example, in lake sediments (31) or soils (48) , but their occurrence and distribution depend on the availability of nitrate as an electron acceptor. Although molecular oxygen oxidizes Fe(II) chemically at circumneutral pH (10) , microaerophilic Fe(II) oxidizers compete successfully with chemical oxidation in environments with low concentrations of molecular oxygen, e.g., in environments of opposing gradients of oxygen and Fe(II) (16) .
Fe(III) produced by Fe(II) oxidation, either chemically or microbiologically, is poorly soluble at neutral pH and precipitates rapidly (10, 53) . Fe(III) minerals that precipitate chemically under laboratory conditions are different from Fe minerals that form abiotically or biotically in nature. In the environment, iron minerals are usually less crystalline and contain substantial amounts of impurities, e.g., phosphate or cations but also organic matter (7, 8, 18, 19, 38, 39) . These Fe(III) minerals can be used as electron acceptors by Fe(III)-reducing bacteria (35) . It was shown that Fe(III) minerals produced by bacterial Fe(II) oxidation are better electron acceptors for Fe(III) reducers than chemically synthesized Fe(III) minerals (59) . Depending on the availability of organic matter, bacterial Fe(III) reduction can occur at high rates (35) , leading to a sufficient supply of Fe(II) for Fe(II)-oxidizing bacteria. Therefore, an interplay between Fe(II) oxidation and Fe(III)-reducing bacteria at locations with high iron concentrations likely results in local microbial Fe cycling (22, 52, 55, 66) .
To date, only a few studies have addressed the geomicrobiology of chalybeate surface waters, i.e., locations where Fe(II)-rich water reaches the oxic zone (5, 13, 28, 44, 45, 63, 65) . These previous studies characterized the microbiology at various field sites and documented the presence of microaerophilic Fe(II) oxidizers, Fe(III) reducers, and cyanobacteria but missed out on simultaneously characterizing phototrophic or nitrate-reducing Fe(II) oxidizers. However, the complex interplay between these different metabolic groups, the seasonal and spatial changes of geochemical parameters and microbial communities, and the identity and properties of the precipitating minerals have so far not been investigated in a single study.
In order to elucidate the interactions of geochemistry, mineralogy, and microbiology at a chalybeate spring, we investigated the circumneutral bicarbonate iron(II)-rich Fuschna Spring in the Engadin region of the Swiss Alps. This spring is one of several other springs in the Engadin which are characterized by either high bicarbonate or high sulfate concentrations (3, 6) . CO 2 in the water originates from metamorphic reactions in the Earth's crust (3, 56) , and the other ions in the water result from mineral dissolution (6) . The geological setting of Fuschna Spring suggests a meteoric origin of the spring water (56) .
The main goals of this study were to identify and evaluate the geochemical factors and biogeochemical processes which determine the spatial and temporal distribution of microorganisms as well as the mineral identity and crystallinity of Fuschna Spring. For this purpose, samples were collected in various seasons and subjected to an array of geochemical, microscopic, spectroscopic, molecular, and microbiological analyses: (i) minerals were identified by Mössbauer spectroscopy, (ii) cell numbers were determined by quantitative PCR (qPCR) and most-probable-number (MPN) counts, (iii) the microbial diversity was investigated using comparative sequence analysis of 16S rRNA genes, and (iv) shifts in the microbial community composition were monitored by denaturing gradient gel electrophoresis (DGGE) and linked to changes in geochemical parameters by statistical clustering methods.
MATERIALS AND METHODS
Location of Fuschna Spring. The field site is located at 46°47=16.62ЉN and 10°15=52.28ЉE near Scuol, Switzerland, at an elevation of 1,260 m above sea level. The water of the spring is classified as bicarbonate and ferrous iron rich (2, 67) . Samples were taken five times over the course of 1 year (April, June, and August 2009; February and May 2010).
Sampling. Samples were collected at three different locations at the spring, i.e., at the spring outlet (0 m), 1.2 m downstream from the outlet, and 2.2 m from the outlet (Fig. 1) . At all sample locations, water flow was sufficient for collecting liquid samples for geochemical analyses. The delivery rate of the spring was determined by measuring the amount of water released from the spring outlet with a volumetric beaker (n ϭ 10, 250 Ϯ 20 ml) over time.
At all three locations, the flow channel and microbial mats at the side were distinctly separated (Fig. 1) . Samples for geochemical analyses were taken from the flowing water, while samples for community analysis were taken from the solid material in the center of the flow channel and from the microbial mat at the sides of the channels. Mineral analysis was performed from the solid material collected from the flow channel. Beyond 2.2 m, the flow channel split up as a delta or was even overgrown by cyanobacterial mats, and a distinct differentiation between flow channel and mat was difficult (Fig. 1) . Therefore, beyond 2.2 m from the spring outlet, no samples for geochemical and mineralogical analyses were taken. Sampling for geochemical analyses was not possible in February 2010, as the water was mostly frozen. Samples were collected using sterile plasticor glassware. Samples for MPN analyses and microcosms were stored at 4°C until use (less than 4 days). Samples for molecular biological analyses were frozen immediately on dry ice and stored in the laboratory at Ϫ20°C until extraction.
Geochemical analysis of water samples. O 2 was quantified in the field with a handheld oximeter (WTW Oxi 315i), while temperature and pH values were determined with a pH meter (Eutech pH 310). All samples for laboratory analysis were stored at 4°C until use. Samples for bicarbonate and carbonate analyses were collected in brown 250-ml gastight screw-cap bottles. Titrations for phenolphthalein alkalinity (i.e., CO 2 ) and H 2 CO 3 were done with a Metrohm Titrino 836 titrator using dynamic titration. The titrants were either 0.1 N HCl up to pH 4.5 for the total alkalinity and 0.1 N NaOH up to pH 8.3 for the phenolphthalein alkalinity (14) . Water samples for quantification of ferrous and ferric iron were immediately acidified with 1 M HCl. Fe(II) and total Fe (Fe tot ) were quantified spectrophotometrically by the ferrozine assay, as described previously (26) . Samples for quantification of dissolved ions by ion chromatography were collected in 50-ml Falcon tubes and analyzed on a Dionex DX-120 ion chromatograph equipped with an autosampler, an AS23 anion column, and a CS 12A cation column. All samples were measured in duplicate and analyzed with the Chromeleon software package.
Mineral analysis. Mineral samples were transferred into 10 ml rubber-stoppered serum flasks. In order to minimize potential oxidation of Fe(II) minerals, the samples were frozen on site using dry ice and later on were thawed and dried in an anoxic glove box (100% N 2 ) in the laboratory before X-ray diffraction (XRD) and Mössbauer spectroscopy analysis. In addition to the sampling locations described above (0, 1.2, and 2.2 m from the spring outlet), additional samples at 0.7, 1.8, and 4.0 m from the spring outlet were collected for XRD measurements. The Fe(II) tot and Fe(III) tot in mineral samples were determined by dissolving the minerals with 6 M HCl in an anoxic glove box and quantifying the iron concentration of the sample as described in reference 26.
For mineral identification by XRD, dried samples were resuspended in 500 l of 100% ethanol in an anoxic glove box, ground with a small mortar, and finally added onto a silicon waver. The samples were stored under anoxic conditions until analysis. During the analysis (Ͻ15 min), the samples were briefly exposed to air. XRD patterns were acquired with a Bruker D8 Discovery X-ray diffractometer with Co K␣ radiation at 30 kV (30 mA) connected to a polycapillary focused to a spot size of 300 m. Three overlapping frames of 30°2 with a collection time of 1 min per frame were acquired with a general area detector diffraction system. Diffrac plus EVA (version 10.0.1.0) software (Bruker) was used for merging the frames and identifying the mineral phases using the PDF database (International Centre for Diffraction Data [ICDD]).
For Mössbauer spectroscopy, the dried mineral samples were embedded in Kapton tape in an anoxic glove box. The samples were analyzed in a Mössbauer spectrometer (Wissenschaftliche Elektronik GmbH, Germany) with a 57 Co source embedded within a rhodium matrix. Linear acceleration was used in transmission mode using a constant-acceleration drive system set to a velocity range of Ϯ12 mm s Ϫ1 with movement error of Ͻ1%. The absorption was determined with a 1024 multichannel analyzer. We varied the temperature of the sample with a Janis cryostat (Janis Research Company Inc.). The calibration of the spectra was done with an ␣-Fe(0) foil. Recoil software (University of Ottawa, Canada) was used for spectrum analysis. All models were analyzed using Voigt-based spectral lines.
Most-probable-number counting and Fe(III) reduction rates. In order to determine the number of bacteria that could either reduce Fe(III) or oxidize Fe(II), we used the culture-dependent most-probable-number counting technique (9) . Mineral medium was designed to resemble the spring water and contained 1. 25 (68) were added. NaHCO 3 (35 mM) was used as the buffer. The pH was adjusted to 6.3 to 6.4, similar to that of the spring water. The preparation of the anoxic medium followed standard procedures as described previously (26) .
The environmental samples were centrifuged for 5 min at 3,000 ϫ g to remove excess water from the wet solids, and the pellet was resuspended in 10 ml of the designed medium. A 10-fold dilution series of the sample in medium was prepared and used to inoculate a 96-well deep-well plate (1 ml/well; seven parallels per sample). For Fe(III) reducers, 10 mM ferrihydrite and a mixture of 5 mM lactate and 5 mM acetate were added. Ferrihydrite was chemically synthesized (49) , washed four times with Millipore water, and deoxygenated by repeated evacuation and flushing with N 2 . Fe(II)-oxidizing bacteria were quantified by adding 10 mM FeCl 2 and then exposing the plate to light (photoferrotrophs) or by additionally adding 10 mM Na nitrate following incubation in the dark for the quantification of autotrophic nitrate-reducing Fe(II) oxidizers. For mixotrophic nitrate-reducing Fe(II) oxidizers, 5 mM Na acetate was also added. After 12 weeks of incubation, oxidation of Fe(II) was determined visually (positive wells developed a rusty brown color), while Fe(III) reduction was evaluated by analyzing Fe(II) formation. Therefore, 150 l ferrozine solution was mixed with 50 l of each sample. Data evaluation was done as described by Klee (32) .
Fe(III) reduction rates at the three different locations of the spring were quantified in microcosms in 10-ml test tubes. One gram of centrifuged sample material (5 min at 3,000 ϫ g) was added anoxically to 9 ml spring water. Setups with four different amendments and three parallels each were prepared. The different setups were (i) 10 mM ferrihydrite plus a mixture of 5 mM Na acetate and 5 mM Na lactate, (ii) 10 mM ferrihydrite, (iii) a mixture of 5 mM Na acetate and 5 mM Na lactate, or (iv) no additions. The concentrations of Fe(II) and Fe tot were followed over time as described previously (26) . Rates of reduction were determined by linear fitting of the steepest part of each reduction curve.
Extraction and amplification of environmental DNA. Total DNA was extracted from 2.5 g of sample using the method of Zhou et al. (71) . Crude DNA extracts were further purified using a Qiaex II gel extraction kit (Qiagen, Hilden, Germany). Domain-specific primers were used to amplify almost full-length 16S rRNA gene sequences from the extracted chromosomal DNA by PCR (primers and references are listed in Table S3 in the supplemental material). PCRs were performed in a final volume of 50 l: 0.2 M each primer, 200 M deoxynucleoside triphosphates, 3.5 mM MgCl 2 , 300 mg of bovine serum albumin, 1ϫ PCR buffer, and 1.25 U of GoTaq DNA polymerase (Promega, Madison, WI). Template DNA (20 ng) was added to the reaction mixture.
For DGGE, PCR cycling conditions were as follows: 94°C for 2 min; 10 cycles of 94°C for 1 min, 65°C for 1 min with a decrease of 0.5°C after each cycle, and 72°C for 1 min; and 20 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min, followed by 72°C for 10 min. For the clone library, PCR cycling conditions were as follows: 94°C for 5 min, hot start at 70°C, and then 25 cycles of 95°C for 1 min, 45°C for 1 min, and 72°C for 3 min, followed by 72°C for 10 min.
Quantitative real-time PCR and data analysis. The absolute quantification of bacterial 16S rRNA gene copies was performed by using SsoFast Eva green supermix (Bio-Rad Laboratories GmbH, Munich, Germany) and 16S rRNA gene group-specific primers (primers and references are listed in Table S3 in the supplemental material), in combination with an iQ5 real-time PCR detection system (Bio-Rad Laboratories GmbH, Munich, Germany). We used the general bacterial primers 341F (41) and 797R (42) to quantify total Bacteria and primers GAL214F and GAL384R to quantify Gallionella relatives (primers and references are listed in Table  S3 in the supplemental material). Each reaction was performed in a final volume of 20 l consisting of 1ϫ SsoFast Eva green mix and, depending on the assay, 75 nmol of primer 341F and 225 nmol of primer 797R or 500 nmol of primers GAL214F and GAL384R, together with 2 l of sample or standard DNA. Sterile water and DNA of plasmid pCR4 (Invitrogen, Carlsbad, CA) without an insert were used as negative controls to ensure identification of false-positive amplification. PCR amplification and detection were conducted as follows: 2 min at 98°C, followed by 40 cycles of 5 s at 98°C and 12 s at 60°C.
The data were analyzed with iQ5 optical system software, version 2.0 (Bio-Rad). As a standard, a cloned Gallionella sp. 16S rRNA gene fragment from the constructed bacterial clone library of Fuschna Spring was used (clone Fuschna-P4-E07; GenBank accession no. HE804146). qPCR was performed on two independent DNA extractions of each sample. All reactions were performed in triplicate.
DGGE. In order to analyze cyanobacterial and bacterial community structure, we used DGGE (23) . 16S rRNA gene group-specific primers were used (primers and references are listed in Table S3 in the supplemental material), and PCR conditions were the same as those described above. Briefly, we used a 6% acrylamide gel with a denaturing gradient of formamide and urea ranging from 35 to 60%. Analysis of the banding pattern was done with GelCompar II software, version 6.00 (Applied Maths). The unweighted-pair group method with arithmetic mean (UPGMA) was used to analyze the banding pattern of the gels using the following parameters: optimization of 2% and tolerance of 1%.
Clone library construction and analysis. For clone library construction, products of three parallel PCRs were combined and purified with a Wizard DNA cleanup kit (Promega, Madison, WI). PCR products were ligated in the pCR4 TOPO vector (Invitrogen, Carlsbad, CA) and transformed into Escherichia coli TOP10 cells (Invitrogen, Carlsbad, CA) according to the manufacturer's recommendations. Sequencing was performed using the vector primers M13F and M13R. Partial reads were assembled using the program DNA Baser. Chimeric sequences were eliminated from the clone libraries using the program Bellerophon (http://comp-bio.anu.edu.au/bellerophon/bellerophon.pl). Sequence data were aligned with the SINA web aligner (47) (http://www .arb-silva.de/aligner) and analyzed with the software packages ARB (37) and Mothur (54) .
Microscopy. Light microscopy images were taken on a Zeiss Axioscope 2 plus epifluorescence microscope (Zeiss, Germany) with a ϫ40 objective lens. Fluorescent images of DAPI (4=,6-diamidino-2-phenylindole)-stained samples were taken with an excitation wavelength below 395 nm and an emission wavelength between 420 and 470 nm. The autofluorescence of cyanobacteria was detected by exposing the sample to a wavelength of between 395 and 440 nm and detecting the emission at a wavelength of Ͼ470 nm. Images of autofluorescence and DAPI fluorescence were overlain using the FIJI software package (http://pacific.mpi -cbg.de).
Geochemical modeling. Geochemical modeling for carbonate mineral precipitation was performed with the Geochemists Workbench (version 6.0) software package (Rockware) using the React module (see Fig. S1 in the supplemental material). The measured ion concentrations (see Table S4 in the supplemental material) were used as input to calculate mineral saturation indices under the experimentally determined geochemical conditions. Temperature was kept constant, while the pH increase of the water was taken into account. Additionally, Fe(II) oxidation and Fe(III) reduction rates were calculated for the water in the flow channel (see Table  S1 in the supplemental material). We used the following constants and estimates: water temperature and pH were as measured (see Table S4 in the supplemental material). Chemical oxidation was estimated using the following equation:
where t is time. k 1 was calculated using the equation (60) 
where pO 2 is partial O 2 pressure. The constant k, which was equal to 1.47 ϫ 10 15 M Ϫ1 atm Ϫ1 min Ϫ1 , was taken from Sung and Morgan (62) . The residence time of the water in the flow channel (calculated from the delivery rate and the average width of the channel) was used to estimate the flow rate and thus the time during which the Fe(II) could be oxidized.
Nucleotide sequence accession numbers. Representative sequences of each operational taxonomic unit (OTU) determined in this study have been deposited in GenBank under accession numbers HE804132 to HE804167.
RESULTS

Geochemistry and mineralogy at Fuschna Spring. Fuschna
Spring is an iron carbonate-rich spring with a water delivery rate of between 0.7 Ϯ 0.1 and 1.2 Ϯ 0.1 liters min Ϫ1 . A narrow flow channel of 7 to 10 cm in width held most of the water (Fig. 1) . On both sides of the stream, a 0.5-to 1-cm-thick dark green microbial mat flanked the flow channel (Fig. 1) . With increasing distance from the spring outlet, the water channel divided into multiple subchannels. Depending on the season and extent of the microbial mats, no distinct channel was visible at about 2.3 m from the spring outlet and below. The dissolved O 2 concentration in the water increased from 15 M (microoxic) at the spring outlet to 260 M (85% saturation at 14°C) at about 2.3 m downstream (Fig. 2) . While the O 2 concentrations increased with distance from the spring outlet, no significant variations in O 2 concentration were observed between sampling campaigns (April to August 2009 and May 2010). The water temperature at the outlet of the spring varied from 8.1 to 10.8°C over the course of the sampling campaigns. Along the flow path, we detected a temperature increase of from 10.8°C to 14.5°C at 2.2 m from the spring outlet in August 2009, while at the other sampling times, the temperature did not increase more than 1°C. The pH at the spring outlet ranged from 6.0 to 6.3 and increased to pH values of from 6.7 to 7.0 at a distance of 2.3 m (Fig. 2) . The maximum pH increase from the spring outlet to the location 2.3 m downstream during one particular sampling campaign was 0.9.
The concentration of total Fe(II) in the spring water decreased slightly downstream from the spring outlet. Values ranged from 12 to 16 M at the spring outlet to 10 to 14 M at a distance of 2.2 m downstream and did not show significant deviations at the different sampling campaigns (Fig. 2) . At the spring outlet, 80% of the iron in the water was present as Fe(II). The total concentration of Fe(III) in the water, probably including dissolved Fe(III), complexed Fe(III), as well as Fe(III) colloids, increased with distance from the spring outlet and reached values of 4 to 10 M (Fig. 2) . A comprehensive geochemical analysis of the spring water showed that the ion concentrations in the water did not change signifi- Table S4 in the supplemental material. The main ions were calcium (17.4 mM) and magnesium (2.2 mM). The total alkalinity of the water ranged from 52 to 58 meq liter Ϫ1 (Fig. 2) , with the major relevant component of the spring water being CO 2 , which had a concentration at the spring outlet of 44 mM. The contribution of other ions to the alkalinity was minor due to their relatively low concentrations (see Table S4 in the supplemental material).
In order to determine which carbonate minerals are expected to precipitate under the geochemical conditions measured, thermodynamic equilibrium modeling for calcite (CaCO 3 ), dolomite [CaMg(CO 3 ) 2 ], and siderite (FeCO 3 ) precipitation was done considering the concentrations of all ions detected in the water. The calculations suggested that the main mineral expected to precipitate is calcite (CaCO 3 ) (see Fig. S1 in the supplemental material). This is due to the high concentrations of calcium and bicarbonate in the mineral water (see Table S4 in the supplemental material). Fe(II) carbonates (e.g., siderite, FeCO 3 ) are expected to precipitate only at pH values above pH 6.7. Calcite oversaturation was higher than that of dolomite and siderite. Therefore, precipitation of the last two minerals is expected to be less than that of calcite. XRD analysis of samples collected at increasing distances from the spring outlet confirmed that the main crystalline mineral phase present was indeed calcite at all sampling locations (Fig. 3) . With increasing distance from the spring outlet, the crystallinity of calcite increased, as evidenced by the increasing height and sharpness of the reflections, for example, at 2 values of 27 and 57, respectively (Fig. 3) . Neither dolomite, siderite, nor any other Fe(II) or Fe(III) minerals were detected with XRD at any location. The absence of signals for these minerals in XRD could be due to the small amounts of these minerals in the samples (XRD has a detection limit of approximately 5 to 10%). Additionally, acid Fe extraction followed by spectrophotometric analysis of the solids showed no Fe(II), and therefore, Fe(II) minerals are not expected to be present. However, acid extraction of the solids yielded a concentration of Fe(III) in dry sediment samples of 1.5 to 2.5% (wt/wt) independent of the location (e.g., 0 m from the spring outlet to 2.2 m downstream). We thus analyzed these samples by Mössbauer spectroscopy (Fig. 3 ; see Table S2 in the supplemental material), which is selective for iron and, in contrast to XRD, is also able to detect poorly crystalline mineral phases. As expected, Mössbauer spectroscopy did not detect any Fe(II) mineral phases, confirming the absence of Fe(II) in the mineral phase. However, a poorly crystalline Fe(III) mineral phase that fit best with a chemically synthesized ferrihydrite standard was detected in the solids (see Table S2 in the supplemental material). The crystallinity of these Fe(III) minerals increased with distance from the spring outlet, as reflected in the narrower peak width of the Mössbauer spectra in samples collected at increasing distance from the spring outlet (Fig. 3) . These changes can also be calculated and are expressed by the decrease in the ⌬ parameter (see Table S2 in the supplemental material).
Calculations of chemical Fe(II) oxidation rates on the basis of O 2 and Fe 2ϩ concentrations, flow rate, and pH (see Table S1 in the supplemental material) were performed in order to evaluate whether chemical Fe(II) oxidation plays a significant role at this field site. These calculations show that chemical oxidation is expected to decrease the amount of Fe(II) in the water much faster than we were observing. While calculations suggest a final concentration of Fe(II) of 0.2 M at about 2.2 m from the spring outlet, we still observed a final concentration of about 13 M, suggesting either slower oxidation rates or an additional source of Fe(II), e.g., microbial Fe(III) reduction (see below).
Abundance of Fe(II)-oxidizing and Fe(III)-reducing microorganisms. The water channel at the spring was flanked by dark green to blackish mats, while the mats were not observed within the orange-colored flow channel (Fig. 1) . Light and epifluorescence microscopy showed the presence of both bacteria and filamentous structures-cyanobacteria-in the mat (Fig. 1C and D) . Bacterial cell numbers were determined in samples collected in April 2009 and May 2010 from the mat and in the flow channel with MPN counts for Fe(II)-oxidizing and Fe(III)-reducing bacteria (see below) and with qPCR for one sample collected in August 2009. We quantified the number of bacterial 16S rRNA gene copies with qPCR using broad-range bacterial primers (primers and references are listed in Table S3 in the supplemental material). Gene copy numbers were 2.02 ϫ 10 8 Ϯ 3.18 ϫ 10 7 copies g Ϫ1 (wet weight) in the middle of the flow channel, while we quantified 1.97 ϫ 10 8 Ϯ 3.05 ϫ 10 7 copies g Ϫ1 (wet weight) within the microbial mat. Both samples were taken at 1.2 m from the spring outlet. In this context, it is important to consider that qPCR most likely underestimated the total number of 16S rRNA gene copies from the microbial mat because the broad-range bacterial primers used did not optimally target all cyanobacterial taxa. This is also reflected by the low representation of cyanobacterial 16S rRNA Table S2 in the supplemental material.
gene sequences in the clone library (see Table S5 in the supplemental material). We therefore used more specific cyanobacterial primers for the DGGE analysis (results are discussed below).
Using primers specific for Gallionella (primers and references are listed in Table S3 (Fig. 4) . For samples taken in May 2010, the numbers of Fe(III) reducers were generally higher than those in 2009, in particular, in the mat at the spring outlet, with numbers of up to 10 9 cells g Ϫ1 (Fig. 4) . Compared to the samples from the mat at the spring outlet, the numbers of Fe(III) reducers in the middle of the flow channel seemed to be slightly lower but still reached values of 10 7 to 10 8 Fe(III)-reducing cells g Ϫ1 (Fig. 4) .
Quantification of Fe(III) reduction rates. In order to estimate the production of Fe(II) by Fe(III) reducers, we determined rates of Fe(III) reduction in samples collected in September 2010 from the microbial mat and the flow channel at a 1.2-m distance from the spring outlet. The mat samples used for these experiments contained about 7.7 mg Fe tot per g, while the samples from the flow channel contained about 8.9 mg Fe tot per g (wet weight) material. After incubation of the samples in spring water under anoxic conditions, the samples collected from the mat showed rapid Fe(III) reduction without a significant lag time. The rate of Fe(III) reduction in the microbial mat was fastest in the pure mat samples without any additions [maximum rate, 5.5 Ϯ 0. 4 (Fig. 5) .
In contrast to the samples collected from the microbial mat, unamended samples from the middle of the flow channel showed a prolonged lag phase of 6 to 8 days before significant concentrations of Fe(II) could be measured, with maximum reduction rates of 1.1 Ϯ 0.1 mM Fe(II) day Ϫ1 and a maximum total reduction of approximately 80% detected. The addition of acetate and lactate reduced the lag phase from 6 to 8 days to 2 days, increased the maximum reduction rate to 2.7 Ϯ 0.2 mM Fe(II) day Ϫ1 , and led to the virtually complete reduction of 1 M HCl-extractable Fe(III) (Fig. 5) . The addition of ferrihydrite led to an incomplete reduction of Fe(III) (reduction of up to 70%) and a reduction rate of 0.9 Ϯ 0.2 mM Fe(II) day Ϫ1 , while the simultaneous addition of ferrihydrite plus lactate-acetate led to maximum reduction rates of 2.3 Ϯ 0.2 mM Fe(II) day Ϫ1 . The concentration of bioavailable reducing equivalents present in the sample was calculated from the final amount of Fe(III) reduced in samples that were not amended with additional electron donors and was 4 to 5 mM electrons g Ϫ1 sample. Microbial diversity at Fuschna Spring. Samples for analysis of the microbial diversity were collected at the same locations as We used DGGE to follow spatial and temporal shifts in the microbial community composition. The DNA from the samples was extracted and amplified with broad-range primers for Bacteria, Archaea, and cyanobacteria (primers and references are listed in Table S3 in the supplemental material). With the general archaeal primers, no amplicon could be obtained under various PCR conditions. DGGE banding patterns revealed relatively low cyanobacterial diversity in the microbial mats at the side of the flow channel. The DGGE gels showed one prominent band which was accompanied by an additional faint band in a few cases (a representative DGGE gel is shown in Fig. S2 in the supplemental material) . A cluster analysis of the cyanobacterial diversity was therefore not performed. Samples from the flow channel showed the same cyanobacterial band that was dominant in the mat, but only very weak bands were observed. Reamplification, subcloning, and sequencing of the DGGE band revealed its close affiliation to "Tychonema bourrellyi" (99% sequence similarity) of the order Oscillatoriales. Sequences related to the same cyanobacterial taxa have also been found in the 16S rRNA gene clone library.
In contrast to the cyanobacterial diversity, general bacterial diversity was higher in both the microbial mat and the middle of the flow channel. In order to determine shifts in the bacterial community composition with time and along the flow path, a cluster analysis was performed (Fig. 6) . The cluster diagram indicated that the composition of the microbial community did not change significantly with increasing distance from the spring outlet. However, the microbial community composition in the mat samples differed from that in the flow channel samples. The most pronounced differences in DGGE banding patterns were observed by comparing the different sampling dates. The UPGMA diagram (Fig. 6) shows three clearly separated clusters independent of sampling location (microbial mat or flow channel) and distance from the spring outlet: one for the later spring samples (May 2010), one for the summer samples, and a third cluster for the winter/earlier spring (February 2010 and April 2009) samples.
In order to study the microbial diversity in the mats and the flow channel in more detail, bacterial 16S rRNA gene clone libraries were constructed from mat and channel samples collected in August 2009 at 1.2 m from the spring outlet. In total, 181 clones were analyzed, 96 clones from the microbial mat and 85 clones from the flow channel. Comparative sequence analysis and calculation of diversity indices were based on a 97% 16S rRNA gene sequence similarity criterion (27) . In general, the diversity within the microbial mat was higher than that in the flow channel. In the flow channel, only 7 major OTUs were detected, whereas 21 OTUs were found in the microbial mat sample. Clone library coverage based on the Chao index was 77% for the microbial mat samples and 89% for the flow channel samples. Many Fuschna Spring clones showed a high similarity (Ͼ97%) to sequences of uncultivated microorganisms from other freshwater habitats. Thirty-two 16S rRNA gene clone sequences (GenBank accession numbers AB475010 to AB475041) are available from a previous yet unpublished study of Fuschna Spring from October 2005 by Kurt Hanselmann and colleagues, but only three of these were uncultivated relatives that were the closest to the clone sequences derived from the present study.
Both clone libraries were dominated by proteobacterial sequences, with 83% and 87% of total clones, respectively (Fig. 7) . However, the diversity within the proteobacteria was higher in the microbial mat samples (11 OTUs) than the flow channel samples (4 OTUs). Clones related to bacteria involved in iron cycling were found in both clone libraries: most betaproteobacterial clones from the flow channel (1 OTU) were closely related to known Fe(II) oxidizers of the genus Gallionella (72% of total clones), but only a very few clones from the microbial mat (2% of total clones) grouped into this OTU. A large fraction of clones from the flow channel (29% of total clones) formed three distinct OTUs which were affiliated with known Fe(III) reducers of the genus Albidiferax.
A large fraction of clones from the microbial mat (53% of total clones) was affiliated with the diverse group of gammaproteobacteria, but no gammaproteobacterial clone was found in the clone library from the flow channel. One OTU from the microbial mat (32% of total clones) was affiliated with Aeromonas punctata subsp. caviae (46) . Two other OTUs, represented by 6% total clones each, were closely related (99% sequence similarity) to the known Fe(III) reducer Shewanella putrefaciens (43) and Buttiauxella noackiae (40), respectively.
All clones related to cyanobacteria fell in the order Oscillatoriales and grouped into one OTU which was the most closely related to Tychonema bourrellyi (99% sequence similarity) (1, 61) . This OTU was more abundant in the clone library from the microbial mat (6% total clones) than in the clone library from the flow channel, where it was represented only by a singleton.
DISCUSSION
Fuschna Spring is characterized by a close association of O 2 -producing cyanobacteria and microaerophilic Fe(II)-oxidizing and Fe(III)-reducing bacteria which populate the flow channel and the adjacent microbial mat at an average in situ temperature of approximately 10°C. A similar ecosystem dominated by ferrous iron, iron-metabolizing microorganisms, and cyanobacteria with an absence of sulfide is the Chocolate Pots Hot Springs in Yellowstone National Park, which, in contrast to the ecosystem investigated in the present study, is 50°C (44, 45, 63) . However, in contrast to the Yellowstone springs, which showed mat layers of cyanobacteria associated with iron oxides where the cyanobacteria drive Fe(II) oxidation by supersaturation of the water with O 2 , Fuschna Spring can be divided into two distinct zones that are in close contact with each other (Fig. 1) . The separation into these two zones probably results from the local flow regime (flow rates, etc.). In the following paragraphs, we discuss the biogeochemical processes occurring in these two distinct zones and focus on the adaptation and role of the microbial community with respect to the presence of ferrous and ferric iron.
Importance of Fe(III)-reducing microorganisms at Fuschna Spring. The 16S rRNA gene copy numbers were of the same order of magnitude as the cell numbers of Fe(III) reducers determined by MPN counts. This suggests that Fe(III) reducers represent a significant fraction of all Bacteria and emphasizes the importance of microbial Fe(III) reduction at the field site. The importance of microbial Fe(III) reduction in the mat is supported by the very short lag phase observed in the Fe(III) reduction experiments, suggesting that the abundant Fe(III) reducers are also actively reducing Fe(III) in situ. The numbers of Fe(III) reducers were highest within the microbial mat (Fig. 4) , while the cell numbers were slightly lower within the flow channel. The decrease in the number of Fe(III) reducers with distance from the spring outlet can be explained by the observed increase in crystallinity of Fe(III) minerals with increasing distance (Fig. 3 ; see Table S2 in the supplemental material). The higher crystallinity of the Fe(III) minerals probably leads to a lower Fe(III) bioavailability and thus to a less favorable habitat for Fe(III) reducers.
Although the cell numbers of Fe(III) reducers were lower in the middle of the flow channel than in the mat, the overall numbers were still relatively high, considering that the availability of organic carbon was significantly lower in the channel than in the mat. Fe(III) reduction in the channel indeed seemed to be electron donor limited (see the next paragraph). This suggests that either the Fe(III) reducers in the middle were present but not active or they could switch between Fe(II) oxidation and Fe(III) reduction, similar to Geobacter metallireducens (17) , and performed Fe(II) oxidation and not Fe(III) reduction in situ. Additionally, the number of Fe(III) reducers in the channel may have been overestimated by the MPN counts, because some of the microorganisms living in the channel may also be capable of using electron acceptors other than Fe(III) (e.g., O 2 ). Shewanella putrefaciens, which was detected at the field site, is well-known to be metabolically versatile and is able to use electron acceptors other than Fe(III), e.g., molecular oxygen (20, 43) .
Fe(III) reduction rates and electron donor availability/limitation at Fuschna Spring. To determine the limiting factors of Fe(III) reduction at the spring, we measured Fe(III) reduction kinetics with and without amendment of electron donor or acceptor. Fe(III) reducers in the microbial mats were not limited by electron donor (Fig. 5) , since Fe(III) reduction in the microcosms started without a significant lag phase. Further evidence comes from the facts that (i) reduction rates did not further increase after addition of acetate-lactate, (ii) complete reduction of Fe(III) was observed even in the absence of additional electron donor, and (iii) high Fe(II) concentrations were measured in the water. Fe(II) concentrations in the channel water were much higher than expected on the basis of calculated chemical Fe(II) oxidation rates, suggesting efficient Fe(III) rereduction leading to a constant Fe(II) replenishment (see Table S1 in the supplemental material). Electron donors were probably available within the microbial mat due to microbial primary production by the cyanobacteria (44) . However, due to the high organic carbon content, the availability of Fe(III) for Fe(III) reducers in the mats might be limiting. Addition of ferrihydrite, however, decreased the reduction rate from 5.5 Ϯ 0.4 mM day Ϫ1 to 1.3 Ϯ 0.1 mM day Ϫ1 after Fe(III) amendment (Fig. 5) . This suggests that the Fe(III) in the microbial mats probably consisted to a significant extent of biogenic ferrihydrite, which was more bioavailable than the chemically synthesized ferrihydrite added to the microcosms. A similar preference for biogenic Fe(III) oxyhydroxides compared to synthetic Fe(III) minerals was described before (33, 58) . The addition of ferrihydrite might also have caused inhibiting effects on microbial Fe(III) reduction, e.g., by nutrient sequestration or binding of electron shuttles, such as redox-active humic substances that might have been present in solution in situ and stimulated reduction of the Fe(III) minerals (29, 36) .
In contrast to the Fe(III) reducers present in the mat, we found that Fe(III) reducers in the middle of the flow channel were not limited in Fe(III) but, rather, were limited in electron donor (Fig.  5 ). This is evidenced by the increase in reduction rates after acetate-lactate addition and by the lower extent of total Fe(III) reduction. Microcosms inoculated with samples from the flow channel reached only 60 to 80% without addition of electron donor, while in the adjacent mats, the Fe(III) reduction without organic carbon amendment was complete (100%). The carbon limitation in the flow channel is most likely due to the absence of cyanobacterial primary production and the low number of photoautotrophic Fe(II) oxidizers.
Budget of ferrous iron: evidence for Fe cycling. The concentration of Fe(II) in the water is controlled by different processes functioning as either sources or sinks: (i) Fe(II) initially present in the spring water, (ii) Fe(II) from Fe(III) reduction in the microbial mat and flow channel, and (iii) chemical and microbial oxidation of Fe(II). Calculations of the chemical oxidation rates (see Table  S1 in the supplemental material) suggest that the Fe(II) concentrations in the water should be much lower than those actually measured. This suggests that biological Fe(III) reduction is rapid and efficient, despite chemical and microbial Fe(II) oxidation, and provides evidence for effective Fe cycling in this habitat. The role of Fe(III) rereduction is probably even more important, since our calculation considered only abiotic homogeneous Fe(II) oxidation. Additionally, Fe(II) oxidation by O 2 at the surface of precipitated Fe minerals and at the surface of microaerophilic Fe(II)-oxidizing bacteria is expected to remove Fe(II) from the water even faster than chemical oxidation (12, 50) . However, we observed that even the high numbers of microaerophilic Fe(II) oxidizers present were not sufficient to remove all Fe(II) from solution. Due to their low numbers, nitrate-reducing and phototrophic Fe(II) oxidizers likely did not significantly influence the Fe(II) concentration in the water (see Table S4 in the supplemental material). Overall, this suggests that organic carbon and O 2 from cyanobacterial primary production in combination with O 2 from the atmosphere lead to cycling of Fe(II) and Fe(III).
Microbial community structure in the mat and in the flow channel. A higher diversity of the microbial mat than the flow channel was not unexpected because microbial mats are known to host a wide range of microorganisms with various metabolisms (34) . Changes of the microbial community were observed by cluster analysis of the DGGE band patterns and showed that the dominant change in bacterial community composition happened over the course of the seasons and not with increasing distance from the spring outlet. The differences between the microbial mat and the flow channel were more significant than the variations occurring with increasing distance from the spring outlet (Fig. 6) . Therefore, the following discussion on the microbial community composition not only refers to the respective sampling point at a 1.2-m distance from the spring outflow but also can be extended to the entire area of the spring at the respective time of sampling (summer 2009).
The high number of clones (34% of all proteobacteria) closely related to Albidiferax ferrireducens suggested a high potential for Fe(III) reduction within the microbial mats. This was also confirmed by our microcosm experiments (Fig. 5) . Only a few clones related to the microaerophilic Fe(II)-oxidizing Gallionella ferruginea were identified in the microbial mat. These results agree well with the qPCR data, which revealed only 8.34 ϫ 10 3 Ϯ 4.21 ϫ 10 3
Gallionella sp. 16S rRNA gene copies g Ϫ1 in the microbial mat sample. Among the Shewanellaceae (6% of all bacterial clones in the mat library), many are known Fe(III) reducers. Shewanellaceae are also known to be metabolically versatile microorganisms which can thrive under many different environmental conditions in a complex stratified mat environment (20, 43) . Among the Aeromonadaceae are many facultative pathogens which are known to be capable of a variety of different metabolisms, including nitrate reduction and the fermentative use of organic acids (46) . The genus Buttiauxella, making up 6% of the total clones in the microbial mats, has also been described to be metabolically versatile (40) . The cyanobacterial clones were all closely related, and they were 99% similar to Tychonema bourrellyi. These findings agree well with those of the DGGE analysis of the cyanobacterial diversity in the microbial mats, which indicated that the mats were dominated by only one species. Tychonema bourrellyi prefers oligotrophic to slightly eutrophic waters in rather cold environments (see references 1 and 61 and references therein), which resemble the geochemical settings at the field site.
In the samples collected from the middle of the flow channel, microaerophilic iron-oxidizing Gallionellaceae dominated the clone library (81% of all clones). Gallionella spp. are known to utilize oxygen to oxidize Fe(II) under microaerophilic conditions (25) . Quantification of Gallionella 16S rRNA gene copy numbers showed that 10% of all Bacteria in the flow channel belonged to the Gallionellaceae. The geochemical conditions [e.g., elevated Fe(II) concentration and initially low O 2 concentration] in the flow channel most likely meet their metabolic needs.
Microbial communities at other chalybeate springs. Recently, chalybeate surface waters have been gaining more interest by the geomicrobiology community. James and Ferris (28) identified microaerophilic Fe(II) oxidizers in an iron-rich creek by their morphological properties and demonstrated an enhancement of the Fe(II) oxidation rate by the activity of the microaerophilic Fe(II) oxidizers. These authors described neither photoferrotrophs, nitrate-reducing Fe(II) oxidizers, nor Fe(III) reducers, simply because these strains do not have specific morphological features which would allow their microscopic differentiation. In the study of Wagner et al. (65) , a clone library of a chalybeate spring with a high bicarbonate concentration similar to that of Fuschna Spring was constructed. The authors used proteobacterial 16S rRNA gene primers and identified several Gallionella and Leptothrix clones, again pointing toward the importance of microaerophilic Fe(II) oxidation in such systems. Furthermore, they found in their clone library sequences of Rhodoferax fermentans, an Fe(III) reducer related to Albidiferax ferrireducens, which was also present in our clone library.
Gallionella and Leptothrix were also described at an Fe-Mn seep in a wetland (30) , and studying chalybeate creek water of West Berry Creek, Duckworth et al. (13) also found Gallionella-and Leptothrix-related species. Further comparison of their clone library data with our data is difficult because the creek water had relatively high concentrations of total organic carbon (1.8 to 3.0 mg liter Ϫ1 ). Consequently, the diversity of the microbial community in the study of Duckworth et al. (13) was much higher than that in our study. They also detected Fe(III) reducers, in addition to the Fe(II) oxidizers, and concluded that the potential for microbial Fe cycling exists. Similar Fe cycling was suggested by Bloethe et al. (4) and Roden et al. (51) at iron-rich groundwater seeps.
Bruun et al. (5) found microaerophilic Fe(II) oxidizers belonging to the genera Gallionella and Sideroxydans in an iron-rich freshwater seep, while the dominant iron reducers belonged to the genus Geobacter. They found that a complex mixture of organic substrates (rotting leaves) was enhancing Fe(III) reduction better than the addition of acetate (5) . These findings are comparable to our findings: Fe(III) reduction was delayed in samples collected from the flow channel compared to the Fe(III) reduction in the microbial mats, where a more complex mixture of organic substrates can be expected.
The results of the previous studies (5, 13, 28, 65) together with the results reported in this study suggest a strong contribution of microaerophilic Fe(II) oxidizers to the oxidation of Fe(II) in ironand bicarbonate-rich freshwater springs, while nitrate-reducing Fe(II) oxidizers and photoferrotrophs are likely contributing to a lesser extent to microbial iron oxidation in these habitats.
Conclusions. In summary, Fuschna Spring is a well-defined ecosystem with a continuous supply of ferrous iron as well and other ions and nutrients through the spring water (including bicarbonate and small amounts of dissolved organic carbon but no sulfide). Therefore, primary production at the spring is dominated by two distinct processes: phototrophy, i.e., photosynthesis by cyanobacteria, and chemotrophy by microaerophilic oxidation of Fe(II). In turn, Fe(III) reduction is coupled to the breakdown of organic carbon produced by these microbial primary producers. Therefore, this ecosystem can serve as an excellent model system to study microbial iron cycling decoupled from the input of other sources of organic matter. Furthermore, this ecosystem may be used to study the interactions of microbially catalyzed microaerophilic Fe(II) oxidation with oxygen-producing cyanobacteria, processes proposed for the formation of banded iron formations starting at and after 2.3 to 2.7 gigaannum (Ga), when oxygen was present in low concentrations in the Earth's atmosphere (15, 21) . Even the high bicarbonate concentration in the spring water (approximately 50 mmol liter Ϫ1 ) is similar to the concentration of bicarbonate suggested to be present in the Precambrian oceans (up to 70 mmol liter Ϫ1 [24] ). Therefore, Fuschna Spring might also serve as a modern analog to study the role of iron-metabolizing bacteria in ancient Earth environments.
